- computers in astronomy

Another Look at Cosmic Distances

Getting a handie on an expanding — and accelerating — universe. | By Thomas A. Weil

M 1908, ASTRONOMERS ON TWO COM-

peting teams announced they had

found that not only docs our uni-

verse appear o ke expanding it's ac-
celernting — a conclusion based on ob-
servations  of distant
galaxies (S&T: September 1998, page
38). This resull was bolstered [ast April
when the Hubhble Space Telescope
glimpsed a very distant supernova and
provided strong confirmation of the ex-
istence of a universe-pervoding repulsive
force called the cosmological constant
(Tuly issue, page 20},

But how were these results obtained?
After all, il an older object is farther
away than expected, doesn't that mean
that the universe was expanding faster

SUPCrmOavic it

long ago than it is now? Although the ac-
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celeration i3 difficult to explain, this arti-
cle will attempt to answer these ques-
tions. | also provide some software to let
you experiment with the paramerers that
define our universe.

In my previous article, *Looking Back
Cosmologically” (S&T: September 1997,
page 59, T explored the confusing com
bination of the speed of light and speed
al the expanding nniverse, [ presented a
srmall compuoter program that illustrated
the relationship between an abject’s dis-
farce pove and distance them. The pro-
gram quantified the difference benween
how far away a galaxy or quasar s Woday
and how far away it was when its light
was emnitted. In technical books and arti-
¢les on cosmology, what we call distance
then {4} is often called the angular-sire

distance or angular-diameter  distance,
Distance now (d | is often called proper
distance, proper-motion  distance, co-
moving dhstance, transverse comaving
distance, or comoving radial distance.

The earlier article did not discuss a
thivd quantity: furminosity distance (d),
which is the apparent distance of an ob-
ject as determined from its observed
hrightness and its known inherent lumi-
nosity. This guantity, which [ollows the
well-known inversessquare law for how
abserved hrighiness decreases with dis-
tance, is Ru_'}f in girin; us @ hetler wnder-
.xl,<||1|;|ir|g of the actual distances and mao-
tions in the universe.

How doowe know an object’s imherent
luminosity? In one example, Cepheid
variahle stars change brightness along a




repular cycle whose period is related to
the star’s lumimosity. We can determine
the distance of a close-by Cepheid by
measuring its parallax. Any star like it
will have the same intrinsic brightness;
thus, how much dimmer it appears is di-
vectly velated 1o how far away it is. (Actu-
ally, there are two kinds of Cepheid vari-
ables, with different period-luminosity
relationships. This confused Edwin Hub-
ble and led him o fiese estimare the age
of the universe as only 2 hillion vears. |

Similarly, Type Ia supernovae — the
kind that occur when white dwarfs ex-
plode — have also heen used as “stan-
dard candles” Astrononers have deter-
n1i||-.~i,| that  these txp]ﬁdmg stars  all
reach roughly the sane maximum lomi-
nosity within 10 percent when differ-
ences in breighlening and decay rates are
taken into account. 50 when we observe
very distant supernovae, we can tell from
their measared brightnesses just how far
away they must be,

Well, not really. The luminosity dis-
tance that we can calculate from meas-
wred brightmess and known luminosity
represents how far away such an object
would be in a static universe, one that is
neither expanding nor contracting. The
expansion of space also affects how
bright an ebject appears, so we have to
correct for that if we want to know its
true distance. Fnrmnmely, We Can meds-
ure just how much expansion has oe-
curred since that light was emiited by
observing the redshift (2) of the spec-
frum as we see it now.

Stretched Space

It turns out that o, d , and d are related
as Tollows: :i" = ‘f: w2+ 11 andd, = “l-. =
{z + 1), Thus astrenomers need only to
measure o and z o determine all three
af these distances.

For a particular object, d, s larger
than o, because the universe has expand-
ed by a factor of z + 1. Furthermore, o, 15
larger than o, because expansion has not
“”h" fowced the Iii:!ﬂ to travel farther (1o
the surface of a larger sphere with a ra-
dins of d ), but it has also streiched the
light itselt as it traveled toward us, Thuos,
not only do we receive fewer photons per
second, but the wavelength of that light
has also been stretched (redshified),
which decreases the cnergy of cach pho-
ton we receive, As a resull, that object now
appears to be even farther away than it
really is.

For example, a supernova with a red-

shift of 1.0 :1t:t||.'||]1_.-' Appears, from its
brightness, to lie twice as far away as it
really is nowe, This, in turn, 3 twice as far
away from us as it was when the light we
see now was emitted. If we have a 13-
Lillion-vear-old “critical-density” universe
(defined below), these distances are:

T
I

. = G.06 billien light-vears,
= 13.2 billien light-years, and
oy = 26.4 billion light-years.

These differences become even greater
for objects with a higher redshift, For
z=510k

d, = 4.4 hillion light-years,
¢, = 26.6 hillion light-vears, and
ey = 15948 billion light-years.

Graphs of abjeet redshill versus dis-
tance, called Hubble diagrams, most
commonly use &, because it can be caleu-
lated directly from each object’s meas-
'I,II'{‘ILI I‘.ITIHI"ILF'ICHH II.TIL| kI'II.J'I.'\"I'I |LI[T1II11Pﬁil}'.
The dingram helow extends the above
numbers for our 15-hillion-year-old uni-
VETSE, 'i]:n:lu'iu"__; i p]ni ol r;rl, :f,ﬂ and :I, VElr=
sus redshift,

Only a few years ago, cosmologists
quantified our universe by its total mass-
energy density, designated by £2,. This
value was presumed to reflect only the
density of matter; other forms of energy
were deemed insignificant. In those days,
£2, = 1 denoted 4 “critical™ density, which
made the universe’s expansion slow for-
ever but never fully stop. Such a universe
also was “flat” meaning that the corners
of a very large Lriangle (1 billion light-
years across) add up to 1807,

It has since become much more com-
plicated. Tn recent years, astronomers
have come W believe the cosmos contains
much less matter, such that the matter
density of the universe amounis o only
300 percent of the critical density. Yet as-
rronomers stll feel sirongly thay £ is
unity — suggested by inflation theory
and supported by recent observations
[discussed later in this article]. They have
been Torced Lo reason that there must be
another component making up the dil-
lerence. Cosmologists now believe this is
associated with a repulsive force called
the cosmological constant, designated by
A {Lambda}. Thus, £, has been split into
a density for matter (42, ..} and for the
cosmalagical constant (42,1,

The present-day ratio of an object’s
specd o its distance is called the Hublfe
comsiand (4,1, becanse it appeared to be a
fized number for all the objects at the

The farthest supernova ever seen has holped
pin down some cosmological parameters. The
Hubhble Space Telescope imaged Supernova
1997ff as part of its northern Hubble Deep
Field. The star has a redshift of 1.7, implying
that it exploded when the universe was only
4 billion years old. Courtesy NASA and Adam
Riess [(Space Telescope Science Institute).

moderate distances that Fdwin Hubble
could measure. However, this value isn't
really a constant for two reasons, As T ex-
plamed in my previous article, that “con-
stant” actually varies with time as the
universe expands. The diagramy below
also reveads that a plol of o) versus red-
shift lor objects we see now at greatel
distances is nol a straight line but Las
some curvature, so the Hubble constant
thus applies only to the initial slope of
the curve as it starts from a redshift
al zero.

When astronomers plotted their 1998
data for distant supernovae with red-
shifls near 1.0, the data landed to the
right of this curve. This suggested that A
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A comparison of distances usad in this article
and the accompanying BASIC program. Each
is directly related to an object's redshift.
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The expansion rate of the universe is a com-
hination of how much the pull of gravity Is
slowing receding galaxies 2, ..] and the
degree that space itself is pushing because of
an inheresnt “antigravity” {82, ). If the sum of
these two guantitiss eguals unity, then the
universs is “flat”™ — expansion will slow forey-
&r but mever Tully stop.

was real and that the universe is expand-
ing faster now than it was then. In par-
ticular, those astronomers said their
megsurements showed that £2 = L3
and £2, = 0.7,

To show how cosmologists reached
that conclusion, the diagram abowe plots
o, wersus redshill for universes with H, =
&1 kilometers per second per megaparsec
[the wvalue now preferred by Allan
Sandage of the Observatories of the
Carnegie Institution of Washington) and
several values of £2_ . and £2,. Although
all the curves start from zero with the
same initial slope, for decreasing valoes
of €2 and for increasing £1,, the
curves pull more to the right. The plot
an the opposite page compares the case
in which £2__.. = 3 and £2, = 0.0 with
a model with £2 = 0.3 and {2, = 0.7.
The rightward bend of the latter indi-
cates why astronomers concluded that
the expansion of the universe must be
accelerating due to some kind of nega-
tive-gravity effect, Boosting £2, provided
them with a better match than simply
lowering the values of £2, . (Mote that
articles about these findings sometimes
refer to “dark energy” or “vacuum-ener-
gy density,’ which are parts of the cos-
mological constant, and “dark matter”
which is the part of the universe’s real
matter that we suspect exists but haven't
yet been able to see.)

Why would the existence of a cosmo-
logical constant make the curve in a
Hubble diagram bend farther to the
vight? [f the universe was expanding

matior
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mare slowly in the past than now, it
must have taken longer for it to expand
by a given factor (and produce a given

' redshift), so the distant abject we see

now must have been farther away then,
when the light was emitted, for that light
to have taken longer o feach os. Thus,
for a given redshift and expansion factor
since ther, the distance sow must also be
larger for such cbjects if the universe had
been expanding at a slower rate then.

Why the Rush?

Mevertheless, this acceleration is hard to
grasp. Evervthing else since the instant of
the Big Bang is fully consistent with our
understanding of physics and relativity;
but the repulsive force, or a negative
gravity, of the eosmological constant is
not. Albert Einstein came up with the
idea because pre-Big Bang—theary astron-
omers told him the unmerse was static,

neither expanding nor collapsing, so he
needed to assume the existence of a force
that would counteract gravity. When
Hubble later found that the universe was
indeed expanding, Finsteln totally reject-
ed his own idea of a cosmological con-
stant and called it the biggest mistake he
ever made. Yet we now see evidence that
it does exist!

Mt only ean't current physics explain
the cxistence of a repulsive foree acling
throughout the universe, but the values
of 12 .. = 0.3 and £2, = 0.7 that result
[rom the 1998 supernova data put us ina
highly improbable universe, With other
values of 42, and {2,, the cosmes
would have behaved wery  dilferently.
That's because even though the force of
gravity falls off by the sguare of the dis-
tance, the repulsive force (it is assumed)
does not.

On the other hand, if there’s no repul-

LOOKBAK2Z.BAS

100 REM LODKBAKZ.BAS
120 REM by Thomas A. Weil, taws=ilfaocl.com

130 INPUT “Enter Matter Density of the waiverse, Omegad (0 - 2.0)"; OMG

130 IF OMGen OF OAG>2 COTO 120

140 INPUT “Enter Cosmolegical constamt, Omegal (0. - 1.0)7; LAM

150 IF LAM¢D OR LAM»1 COTO 140

160 INPUT “Will you enter [A)ge of the wmiverse or (Hjubble constamt; 4H3
170 IF AHE="H" 08 AHS="h" COTO 210

180 IF AHS<>"A" AMD AH<>"3” GOTO 160

190 IMPUT "Erter Age of the universa NON in billions of years"; TN

200 TH=TN*1E+0% & HN=GD ; M=5 - COTO 210

210 INPUT "Enter Mubble constant in kmvsec/Mpc”; HN 3 M-1

220 N=200 ;- DELTA=.0000000 : HFAC=9.7782E+1l 1 E-2.718282 : PARSEC-3.2616
230 FOR J=1 TO'M

240 ORD=. 4165/ {HN*HN) ¢ OMC=1-0MG=LAM=0RD © Z=5 : AZ=L/(1+Z) : Ab=0

250
260

TRS=Q : TLB=D : FOR I=1 TO N : A=hZ*[I-
TRE=TRS+1/SOROMC{ OMG/A) 4 (ORD/CASA) b LA ATAT

YN 5 ARSAZA (31-AZ)*(1-.5)/M

270 TLB=TLB41 ¢ SO {0+ {0/ A0 )+ DRD/ AR =AY J+( LAMSARHALYY © NEKT 1

280 AGEFAC=TLESN*{1-AZ}+ TRS/N4AT
200 IF AHE="H" DR AM$="R" COTO 310
300 HN=AGE FAC TN*HFAC

350 NEXT 1

320 TH=AGEFALHN*HFAL

330 TNPUT "Will you enter (Tiime THEN or (R}edshift of the 1ight we ses NOW'; TRE

340 IF TRE="R" DR TRE="r" GOTO 470
3500 IF TRE<»"TT AND TRE<>™t™ GOTO 330

360 INMPUT "Enter Age of the universs THEM, in billions of years™; TTT

370 TTT=TTT*aE+09 - IF TTT-200404 GOTO 410
330 PRINT

Jo0 PRINT °
400 FRINT :
410 FRINT *

GOTD 330

You cannot see back to a time earlier than about 300,000 years®

Finding what redshift matches fge THEM ......" 3 Z=(TH-TTT}/TH

420 AZ=1/(1+Z) : TRS=0 : FOR I=1 TO N : A=AZ*(I-.5N
430 TR5=TRS #1/ 500 (OMCA0MG A+0RDF {A*A)+LAMPATAY ¢ NEXT T

440 TT=TRS/N=HFAC/HN*AZ : TOL-TOL+DELTA




siom at work, how could we cxplain the
Type la supernova data? At redshifts ap-
prosching 1.0, those supernovae appear

dust possibly have dimmed the light
from those distnl supernovae as it frav-
eled its long way through space?

only about 25 percent ((L3 magnitude)
dimmer, and therefore abour 125 per-
cont larther B, than values that would
fit the Hubble-diagram curve without a

Reddened Results?
The members of the High-# Supernova
search Team and the Supernova Cosmol-

cosmological constant. Could cosmic  ogy Project recognized that the dimming
might have been caused by cosmic dust,
5 They tried w compensate for this, but
o g j their calculations were [urther complicat-
ed because light is also being redshifted
i as it travels to us Since this was the first
= tme a “standard candle” had been seen
£ 06 = so Tar away, it was not clear jost how pre-
g o Effect of a cm_ :rht_m.sc ﬂln.rr:icli.uns .wlcrt'. Fu.thl:'r.r'mrIt',
Cosmological some eosmic dust may not contain the

0z Constant : ;
The existence of a cosmelogical constant (A)
G [ | | i | — invented, and then rejected, by Albert Ein-
Q 5 10 15 20 26 stein — is mow strengly supported by obser-

Luminosity distance (billions of light-yearst  vations of distant supernovae.

450 IF TTSTTT»3-TOL MDD TT/TTT<14TOL COTO 48D

460 Z=7*( .2+ . B¥TI/TTT) : GOTO 420

470 INPUT “Enter redshift walue for the light we see NOW'; £

480 DCMR=0 ¢ AZ=1/(1+Z)} 1 FOR I«1 TON

490 A=AZ+{1-AT)F(I- 50N ADOT=S0R{OMC (OMG/A b (ORDS [AFA) 1+ { LOM®A*AY )

500 DCMR=OCHR+a/ (A*ADOT) @ MEXT I

510 DCMR={1-AZ)SDCHEMN ¢ R=S0R(ABS(OMC) |*DCME @ IF K=, 1 GOTO 550

520 IF OMCx0 GOTO 540

530 RATIO=SINCA)/H ¢ GOTO SBo

540 RATIO=.5*(E™X-E~(-N))/X & GOTC GEO

550 W=X*¥ : IF OMC<=0 GOTO 570

S50 Wa(-Y)

EF0 RATIO=14Y/ Bay ¥y 120

£80 DL=AZ*RATIO*DCMR A [AZHAT) 07T B20HN ¢ DN=DLS{1+2) + DT=DNS{14Z)

590 AZwl/(1+Z) = AGE=0 @ FOR I=1 TO N

BO0 A=AZ=[I-.5)/M : AGE=AGE+1/S0R(OMCAOMG/A+0RD/ (A*AJ+LAMTA*A) 3 MEXT I

F10 TT=HFAC/HNAAZ*AGEN @ TW=TH-TT & DMCD=5%.4343LOG(DL*1E+09/ { L0*PARSEC) )
€20 IF TT<300000 COTC 380

£30 HT=HN*SOR{ OMG*{ 14213+ (1-0HG- LAM)* ( 14Z) 24 LAM}

B0 ST=HT*DT/277, B2 : SC=Z+1 & SH=HN"DN*1E+Q3/HFAC

650 PRINT WSING "Age Factor NOW (Age-Fac/Ho) = #b. #ind; AGEFAC

BEO PRINT USTHO "Ape of the universe NCW  =3HS 8 hillion years™; TNF1E+09
B70 PRINT USING "8ge of the universe THEN = #8H billion years®; TT/1E+04
G20 PRINT USING "Light travel time =M, Attt billion vears®; TV/1E+09
690 PRINT USING “Redshift of the Light we see WOW st . 0 2

700 PRINT USING “Scale of the universe MOW wersus THEN =HERaL. HE"; SC

710 PRINT USING "Distance of ohject THEW = k. e billion light-years"; OT
720 FRINT USING "Distance of object WOW = dHHEEY. I billion light-years"; DN
730 PRINT USING “Luminosity Distance MON =thffifait #8#% billion lipht-years"; 0L
740 FRINT USTMG “Distance Modulus = BUILEE A" OD

750 PRINT USTMG “Speed away from us THEN =IHER. 48 x speed of light*"; 57

760 PRINT USING “Speed away from us MOW  =HERth o speed of light*"; SN

770 PRINT USING “Hubble Paraneter THEN — —HRRMHHH. &% km/sec/megaparsec’; HT
FEG PRINT USING "Hubble Pataneter N =IFRIHHEEE, 48 km/secfmegaparsec”; HY
790 PRINT = * Not the object’s own speed, but caused by the expansion of space.”
200 END



Only a few years ago, cosmoelogists quantified our universe by its total

mass-enerqy density, designated by £2,. This value was presumed to

reflect anly the density of matter; other forms of energy were deemed

insignificant. A “critical” density of £2,= 1 implied that the universe’s

expansion slowed forever but never fully stopped.

very fine particles that tedden as well as
dim starlight [SET August 1999, page
24}, in which cse astronomers would
ot be able to detect dust-generated dim-
ming. In the end, the 1998 supernova
data strongly suggested a cosmaological
conatant, but the possibility that the dim-
ming had been caused by dust remained,
Then, as was announced last April,
astromomers found 4 supernova with a
redshift of 1.7 — rooghly twice as far
away as the 1998 supernovae — in im-
ages taken by the Hubble telescope. [t
turns out that this exploded star {Super-
nova 199710) appeared twice as bright as
it would have if dust had actually caused
the dimming obscrved in the 1998 su-
pemavae, In fact, the brightness of this
new supernava happens o fir almoest ex-
acthy onto the same £2 = 03, 02, =
L7 curve as the 1998 supernovae. Thus,
dust clearly was nor the cavse of the dim
valoes. Instead, the new data greatly bol-
ster the ¢ase for the existence af a cos-
mological constant by firmly supporting
vatoes of 2. = 0.35 and £2, = (165
Strong independent support for this re-
sult comes fram the latest measurements

(K
0a = Age Factor
3 withil, =0
8 43
a
ﬁ‘ o7
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05 1 | | ]
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Matter denslty ol

The factor used to calculate the age of the
universe now from the Hubble constant (H,)
would be directly velated to 2, if there
were no cosmolegizal constant, as shown
here. For other cases, including ones with a
nonzere i2,, the rate of expansion has not
been a constant power of time. Therefore, the
accompanying BASIC program uses multipla
integrations to caloulate its rasults.

{see page 18) of the wrinkles in the cos-
TN [ICIOWAYE L‘ull:kgnmmj [{CMBY radia-
tion. Data an the angular spacing of the
wrintkles nicely match the value predicted
for a flat cosmos but would difer greatly
for a curved ane, Since asironomers now
generally believe that £2 - is around (13
ibased oo completely independent mas-
wrements), the cosmological constant
must really exist and must be somewhere
around (L7 to bring the (ol up o L0 w
yield a flat universe,

Playing with the Values

My original LOOKBACI.BAS program
agsumed that the universe cxpanded as
the % power of time, which applics 10 a
universe with £, = 1 and no cosmologi-
cal comstant, | have updated and expand-
ed that program to let vou specily bath
£ e 0nd L2 {labeled in the program as
Omegadd and Omegal, respectively).
The other inputs are the same as before:
specify a value for either the age of the
universe or the Hubble constant, as well
as cither the object's redshilt or the Time
Then when that light was emitted. The
program is called LOOKBAK2.BAS and
is provided on the previous two pages, or
vou can download an annotated version
from the Astronomical Sottware section
of Sky & Telescope's Web site.

Making a sample run of this program
for the new supernova results, using
£2 e =035, 42, =065, H, =61, and z
= L7 gives us some valuable informa-
tion. The program determines that the
universe i5 now 144 billion vears old and
that Supernova [997ff exploded about
10,8 billion wears ago. Because the ex-
pansion of the universe initially slowed
down while gravity dominated but has
heen speeding up again singe A became
dommnant, that object’s velogities away
from s then and now just happen o e
nearly the same!

Il's important to note that the speeds
of an object given by this program are
not the objects own speed  through
space, which cannol exceed the speed of
light, as described by Einstein’s special

Scale factor

Expansion of
the Universe

| ] ] 1 ]
i} 2 4 f ] 0. 12 14

Tine since the Big Bang (billicns of years)

Thiz is how a 15-billion-year-old universe
wauld have sxpanded, given varicus values
of 12 ... and £, Notice how the expansion
cantinues to slow down for the case with 2,
=0, and how it gradually speeds up for ather
values of £l .

theory of relativity. Instead, those speeds
are how last that ul‘:ljv.-‘:l_'l was or is being
moved away from us by the expansion of
space, as described by Einstein's general
thewry of relativity.

Mevertheless, some eosmologists pre-
ler not o discuss any specds faster than
the speed of light, ¢ Instead, they use
the Doppler-shift and special-relativity
fthrinuln.

(1 +2) =1+ % T1—Y%ch

ter calculate spoed, v from redshift, Howes
ever, this is valid enly for very small red-
shifis [(ST: February 1993, page 310
Prinecton University cosmolagist Jim Pee-
Isles savs that the expansion of space can
indeed move objects away from us faster
than the speed of light, and he twells us
that an object’s spesd new is given by the
product of oday’s Hubble constant times
the ohjecls distance mow, and ils speed
then is given by the Hobble constant at
the time the light began its journey Hmes
the object’s distance then, as we now use
in the new LOOKBAKZBAS program.

Plug in different values for these cos-
malogical parameters to see the effects.
As astronomers make new observabions
of distant objects, the accepted wvalues
could change, possibly altering the age of
OUF Universe.

Tom W (ewedl@®ned com) worked as a
vt soieniest af Reyiheon mrid he vetired in
1995, Cosmelery has been bz hoble for moay
yoars, He thawks Sean M. Carrell, Dvvid
Huglq, Maria .Il.i;'l'll.l. 51'4.'.1.' l:_-.l'chh'fl.lfrl.ln', l|’.;.'_|-.| _H:r-
blas, Marc Postan, Adem Risss, Mfchoed
Teevveen, errad Ned Wiight for their assistance in
pregwering this ariicle



